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Abstract 
Only a few of the vast range of potential two-dimensional materials have been 
isolated or synthesised to date. Typically, 2D materials are discovered by 
mechanically exfoliating naturally occurring bulk crystals to produce atomically thin 
layers, after which a material-specific vapour synthesis method must be developed 
to grow interesting candidates in a scalable manner. Here we show a general 
approach for synthesising thin layers of two-dimensional binary compounds. We 
apply the method to obtain high quality, epitaxial MoS2 films, and extend the 
principle to the synthesis of a wide range of other materials - both well-known and 
never-before isolated - including transition metal sulphides, selenides, tellurides, 
and nitrides. This approach greatly simplifies the synthesis of currently known 
materials, and provides a general framework for synthesising both predicted and 
unexpected new 2D compounds. 
 
Introduction 
A large proportion of the possible 2D materials are binary compounds with the designation 
MXn, where M is typically a transition metal and X a chalcogen or non-metal from groups 
IV, V, and VI1–5. The molybdenum and tungsten disulphides and diselenides remain the 
most commonly studied 2D binary compounds - with the notable exception of hexagonal 
boron nitride (hBN) - due to the ready availability of naturally occurring bulk crystals 
amenable to exfoliation. Chemical vapour deposition (CVD) techniques for the scalable 
synthesis of these materials are available6: however, controlling the stoichiometry and 
hence the defect density can be challenging. Such techniques typically employ solid metal 
oxide7–10 or metal-organic11 precursors which are chalcogenated at elevated temperatures. 
Finding appropriate metal precursors can be a limiting challenge for extending these 
methods to other 2D transition metal compounds, and the methods typically require 
dedicated processes and equipment that are highly optimised for growing one specific 
material. 
 
Here we present a general method for synthesising two-dimensional compounds from 
elemental solid metal precursors (figure 1). Published CVD growth models for binary 
compounds stipulate that both elements be insoluble in the catalyst to ensure surface-
limited growth, by analogy with CVD graphene growth on copper. In fact, only one 
component of a binary compound need be insoluble to achieve surface-limited growth, as 
demonstrated in a recent in-situ X-ray photoelectron spectroscopy (XPS) study of hBN 
CVD on copper12. In that study, monoatomic layers are grown on the catalyst surface 
despite the solubility of boron in copper.  
 
In the present work, we emulate similar conditions by alloying metal M films with gold, 
which has limited solubility of the X elements (X = S, Se, Te, N). In brief, a thin layer (~ 20 
nm) of metal M is sputtered onto a c-plane sapphire substrate and then sputter coated with 
a thick layer (~ 500 nm) of gold (see Methods). The M-Au layer is then heated to 850°C to 
form an alloy in the reaction chamber. The relative thicknesses of the M and Au layers 
determines the concentration of M in the final alloy, which here is deliberately limited to ≤ 5 
at. % in order to maintain single-phase alloying conditions. The Au-M alloy is subsequently 
exposed to a vapour-phase precursor of element X. The limited solubility of X in the gold 
restricts the formation of MXn compounds to the surface of the alloy, resulting in few-atom 
thick layers of binary compounds. 
 Figure 1 – Schematic overview of the synthesis process. A thin layer (~20 nm) of 
metal M is sputtered onto a c-plane sapphire substrate, and a thick layer (~500 nm) of Au 
is sputtered on top. The sample is annealed at 850 °C to produce an Au-M alloy, which is 
then exposed to a vapour of S, Se, Te or more generally an elemental X gas or vapour. 
The growth of binary MXn compounds proceeds at the surface of the Au-M layer and is 
surface-limited. 
 
Of particular note is that we have used this method to synthesize a range of atomically thin 
binary compounds which - due to the lack of a layered bulk crystal amenable to exfoliation 
- have to our knowledge never been isolated or studied before.  
 
Results 
To benchmark this approach we first synthesize and characterise MoS2 layers (figure 2). 
Individual domains display triangular morphology as seen from scanning electron 
microscopy (SEM) images of the catalyst surface after growth (figure 2a). The gold 
catalyst adopts a {111} surface on the {001} sapphire substrate (Supplementary Fig. 1), 
leading to epitaxial growth of the dichalcogenide layers across the catalyst surface (figure 
2b).  
 
Raman spectroscopy for MoS2 transferred to an oxidised silicon substrate with a 455 nm 
excitation shows two peaks, the E2g and A1g at 381.40 +/- 0.05 and 401.4 +/- 0.04 cm
-1 
respectively (figure 2c). While the positions and intensities of these peaks can in general 
vary as a result of strain and doping, their separation of ≈ 20 cm-1 is diagnostic of 
monolayer MoS2
13.  
 
High resolution and selected area electron diffraction (SAED) transmission electron 
microscopy (TEM) images of crystals transferred to holey carbon support grids confirms 
the crystal structure of the MoS2 layers (figure 2d,e). 
 
 
 Figure 2 – Structural characterisation of MoS2. (a) Scanning electron micrograph of an 
individual MoS2 domain on Au {111} catalyst. (b) Scanning electron micrograph of 
epitaxially oriented MoS2 domains. (c) Raman response with 455 nm excitation of as-
grown MoS2. Two peaks are evident, the E2g peak at 381.4 cm
-1 and the A1g at 401.4 cm
-1. 
(d) High resolution transmission electron micrograph of suspended MoS2. A hole in the 
monolayer introduced by knock-on damage during imaging is indicated, where lattice 
fringes are absent. The boxed region has had an iterative nonlinear denoising filter applied 
to highlight the MoS2 lattice and reduce shot noise
14. (e) Selected area diffraction patterns 
of suspended MoS2 layers with a 100 nm diameter aperture showing single crystal long 
range order. 
 
Figure 3a shows photoluminescence (PL) measurements (see Methods) of MoS2 domains 
transferred onto oxidised silicon substrates (solid line), compared to a monolayer 
exfoliated MoS2 crystal control sample (dashed line). The magnitude of the 
photoluminescence response is comparable in both cases, while the PL peak for 
transferred crystals is red-shifted with respect to exfoliated samples. 
 
Electric field effect measurements were performed on unencapsulated devices of 
continuous MoS2 films transferred onto 300 nm SiO2 on Si substrates (Methods). Four-
point sheet conductivity σS  was calculated at varying gate bias (VG) as described in15, with 
the results shown in figure 3b. The device shows an on-off ratio of > 104 over the gate bias 
range, and small maximum hysteresis of about 16V. The low level of hysteresis suggests 
that the overall number of charge traps is low, including intrinsic charge traps within MoS2 
itself16. The field-effect mobility µ was calculated using the standard formula17: 
, where Cox is the capacitance per unit area of the back gate.  Our 
measured devices showed a range of µ between 20 and 40 cm2 V-1s-1, which is 
comparable to results for unencapsulated exfoliated MoS2
17. 
 
  
Figure 3 – Photoluminescence and electrical characterisation of MoS2. (a) 
Photoluminescence results for the as-grown MoS2 transferred to SiO2 (solid line) vs. 
mechanically exfoliated monolayer MoS2 (dashed line). (b) Electric field effect in 
unencapsulated MoS2 devices.  
 
Exchanging M or X for a range of different species in different combinations (M = Mo, W, 
Cr, Fe, Co, Hf, Nb, V; X = S, Se, Te) under identical growth conditions results in the 
structures visible in figure 4. XPS data confirming the expected stoichiometry and bonding 
for binary transition metal dichalcogenides is presented in the Supplementary Information, 
where further characterization on selected materials is also presented. 
We have also grown few-nm thick layered structures using M = V and X = NH3. XPS data 
show that the V:N stoichiometry is 1:1 and THz time domain spectroscopic and van der 
Pauw measurements of sheet conductance for these layers show a sheet resistance of 2 
kΩ/□ immediately after production and transfer to SiO2, rising to 10 kΩ/□ 100 days after 
production (see Supplementary Information). 
 
 
Figure 4 – Library of 2D layered transition metal chalcogenides. SEM images of the 
various transition metal chalcogenides grown by the present method. All presented 
materials are grown under identical process conditions, varying only M and X. Further 
characterisation for the materials is presented in the Supplementary Information. Scale 
bars are 1 µm except where marked: *: 100 nm, **: 10 µm.  
 
Discussion 
We have shown the scalable production of epitaxially aligned MoS2 layers whose 
properties (namely Raman spectroscopic response, nanoscale crystalline structure, 
magnitude of photoluminescence and electric field effect properties) are indistinguishable 
from mechanically exfoliated monolayers from bulk crystals.  
 
Furthermore, we show XPS and SEM data for a wide range of other materials produced 
simply by selecting M and X precursors, and additional Raman, atomic force microscopy 
(AFM), PL and TEM characterisation for the materials which are stable during transfer to 
oxidised silicon or on the catalyst layer. Without further optimisation, a large selection of 
materials which display morphologies, stoichiometries and chemical bonding expected of 
binary 2D transition metal dichalcogenides can be grown. While complete characterisation 
of all of these materials is beyond the scope of this manuscript - in particular for candidate 
materials which have not previously been synthesized or isolated from bulk crystallites 
before - the simplicity of this growth strategy enables very rapid experimentation in terms 
of the range of precursor combinations that can be tested and materials which can be 
grown. In practice since multiple M-Au alloy samples can be simultaneously exposed to 
the same X precursor, the time needed to fully characterise such materials individually far 
exceeds the time needed to produce them in parallel. 
 
The surface-limited growth of a wide variety of binary 2D materials presented in this work 
relies on the use of gold as a catalyst layer. Gold readily alloys with most transition metals 
M, but shows limited solubility for X elements at our growth temperatures. Moreover, gold 
is unique in that it does not react with X precursors at these temperatures. Gold is 
catalytically active, which aids in the formation of crystalline atomically thin materials, and 
the {111} surface formed on c-plane sapphire also templates the epitaxial alignment of the 
grown materials. We note that similar methods for growing atomically thin carbides and 
sulphides have been previously reported18,19, but only for systems where both M and X 
components have limited solubility (< 0.1 at.%) in the catalyst. These represent a subset of 
the general approach presented here, i.e. one where the solubility of M in the catalyst 
approaches zero. In such cases, growth is dominated by surface-mediated diffusion of 
both M and X. This mechanism is distinct from that presented here, where instead the 
growth is dominated by precipitation of component M from the catalyst bulk upon reacting 
with X at the solid-gas interface at the surface of the catalyst. The crucial point is that 
surface-limited growth does not require the metal precursor to be insoluble in the catalyst 
layer. This fact allows our approach to be applicable to all precursor metals, in contrast to 
previous reports. 
 
In the presented work, growth targeted at complete monolayer coverage - achieved here 
by increasing the growth temperature - can result in adlayers. In practice adlayer growth 
can be reduced by tuning the growth temperature and time, reducing the flux of X, or 
limiting the alloy M content of the gold catalyst layer. In general we expect that 
optimisation of additional growth parameters for individual M-X combinations will be 
necessary, as has been the case for growth strategies for other 2D materials. 
 We highlight here that solid elemental precursors (S, Se, Te) or simple compounds (NH3) 
are the only feedstocks required to grow the presented materials in addition to an inert gas 
flow. Whilst we have employed a tube furnace operating under low pressure, the growth 
scheme presented does not rely on a flow of X precursor (as opposed to simply the 
presence of X) and in principle can be performed in a sealed chamber. Such a scheme 
might be particularly beneficial to reduce the amount of oxygen and water in the growth 
system - the alloys of certain transition metals (e.g. Cr, Ta, Nb, Hf, V) are highly sensitive 
to oxidising impurities in the growth chamber20,21, which can interfere with growth by 
passivating the catalyst surface with metal oxides. This issue can be addressed by 
operating under highly reducing gas flows, in a glove box, or under a suitable vacuum. 
Some of the materials grown also appear to be unstable under ambient conditions (i.e. V 
chalcogenides, Co and Fe selenides and tellurides). No special steps were taken to limit 
the exposure of samples to ambient atmosphere before characterisation, and even the 
most unstable materials presented here are stable in ambient conditions on the gold 
catalyst for a few hours which permits SEM and XPS characterisation. Transfer of many of 
these materials to e.g. oxidised silicon substrates or TEM grids is challenging however, as 
they rapidly degrade on contact with aqueous or oxygen-containing solutions, which 
hampers TEM and electrical characterisation in many cases. Recent progress in the 
solution-phase exfoliation of air and water-sensitive 2D crystals22–24 suggests that similar 
strategies might be successfully employed here. 
 
 
 
Conclusion 
In summary, we have demonstrated a simple and universal strategy for approaching the  
growth of few-atom thick binary compounds, including transition metal mono- and 
dichalcogenides and nitride MXenes, requiring only a volatile X precursor and grown under 
identical conditions.  Notably, this method demonstrably enables the growth of epitaxially 
oriented MXn layers. New 2D materials can be made through the free choice of M and X, 
and different compounds can be obtained on the same growth substrate simply by 
switching the precursor X gas. As such, this scalable growth technique simplifies the 
production of existing binary 2D materials with a quality comparable to exfoliated crystals, 
and at the same time greatly increases the range of such materials available. We do not 
doubt that growth conditions for materials can be individually optimised, and that with 
further research, growth of in-plane and out-of-plane heterostructures could be accessible.  
 
Methods 
Preparation of gold-metal M substrates. Substrates were prepared by physical vapour 
deposition of a thin layer (~20 nm) of metal M followed by a thick layer (between 300 nm – 
1 µm, typically ~500 nm) of gold (Lesker, 99,999%) on a <001> sapphire substrate. 
Oxidation of the metal M is avoided by immediate encapsulation with gold before exposure 
to ambient conditions. 
Synthesis of 2D transition metal chalcogenides and nitrides. Transition metal 
chalcogenides were synthesized in a hot-wall quartz tube reactor under low pressure 
conditions. The chamber was flushed three times with argon (Ar), and subsequently the 
samples were heated to 850°C under 100 sccm Ar. The samples were annealed at this 
temperature for 30-60 minutes, and growth was subsequently carried out for 10-15 
minutes by exposing the samples to volatised chalcogen vapours. The vapours were 
generated by heating solid chalcogen precursors situated upstream from the samples: 
~110°C for sulphur (sulphur flakes, Sigma Aldrich), ~220°C for selenium (selenium pellets, 
Sigma Aldrich), and ~420°C for tellurium (tellurium pieces, Sigma Aldrich). After growth, 
the samples were naturally cooled to room temperature under 100 sccm Ar flow. Synthesis 
of continuous MoS2 films for electrical device measurements was achieved by increasing 
the growth temperature to 950°C.  
Identical processing conditions were used to synthesise transition metal nitrides in a cold-
wall reactor (AIXTRON Black Magic), except that the entire process was done under 100 
sccm H2 flow instead of argon in order to mitigate surface oxidation of the alloys. The 
growth of nitrides was performed by introducing 5 sccm NH3 into the chamber for 5 
minutes. The samples were then naturally cooled down to room temperature under 100 
sccm H2.  
Transfer of 2D materials. Samples were transferred from the gold substrate by etching. A 
solution of 10% wt. PMMA in anisole (Sigma Aldrich) was spincoated onto the samples at 
1500 rpm for 1 minute, after which the samples were baked at 160°C for 15 minutes. The 
polymer film was then manually removed at the edges of the sample. The samples were 
then put in a KI/I2 gold etchant solution (standard gold etchant, Sigma Aldrich). After the 
gold was completely etched, the films were washed in DI water and transferred onto 
oxidised silicon substrates, where they were baked at 160°C for 10 minutes. PMMA was 
subsequently removed in acetone. Transfer of 2D materials onto TEM grids (Quantifoil 
GmbH) was done by wedging transfer25,26 from transferred films on oxidised silicon. 
Structural characterisation. SEM images were taken in a Zeiss Supra 40VP operated in 
in-lens detection mode at 5 keV. TEM characterization of transferred MoS2 was done in an 
FEI Tecnai T20 G2 operated at 200 kV.  
 
Photoluminescence measurements. Photoluminescence spectra were obtained using a 
custom spectroscopy setup built from a Nikon Eclipse Ti-U Inverted microscope. The 
excitation source was a 407 nm diode laser from Integrated Optics. The light was focused 
to a diffraction limited spot on the sample with a TU Plan Fluor objective from Nikon (100x, 
0.9 NA) resulting in an incident power of 30 uW. The emitted fluorescent light was 
collected with the same objective, and the spectra were recorded using a Shamrock 303i 
Spectrometer equipped with a 450 nm longpass filter (FELH0450 from Thorlabs) and an 
electronically cooled Newton 970 EMCCD. A total of five acquisitions with 1 s exposure 
time each were collected for each PL spectrum. 
 
Fabrication of electrical devices. MoS2 regions of 1 mm
2 were transferred from the 
catalyst surface using the above procedure to silicon substrates with a 300 nm layer of 
thermally grown silicon dioxide and predefined electrical contacts27. Devices were 
electrically characterized in a Linkam LTS600P probe station after desorbing water from 
the surface28 via baking at 225°C for 30 minutes in dry nitrogen. Subsequent 
measurements were performed under dry nitrogen at room temperature. 
 
Data Availability 
The datasets generated during and/or analysed during the current study are available from 
the corresponding author on reasonable request. 
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Supplementary Methods 
Sample characterisation. Optical microscopy images were taken in a Nikon Eclipse 
L200N optical microscope. Scanning electron microscopy (SEM) was conducted in a Zeiss 
Supra 40VP operated in in-lens detection mode at 5.00 keV. Atomic force microscopy 
(AFM) scans were done in a Bruker AFM Dimension Icon. X-ray photoelectron 
spectroscopy (XPS) measurements were conducted in a Thermo Fisher Scientific K-alpha 
XPS system using an Al Kα X-ray source (1486.7eV). Acquisition parameters were kept 
constant for all survey and high-resolution scans (300 ms x 10 scans). Raman 
spectroscopy was conducted in a Thermo Fisher DXR microscope equipped with a 455 
nm laser (5 mW, 10 s x 5 exposure time, 50x objective).   
Electron backscatter diffraction (EBSD). EBSD measurements were used to determine 
the surface grain orientation of Au-M alloys after processing, which in the case of 
Supplementary Figure 1 was an Au-V alloy. Measurements were done in a FEI Nova 
NANO SEM 600 using the following parameters: 15 kV, 12 nA, 10.5 mm working distance, 
50 µm aperture, a 10 µm x 10 µm scan area and a step size of 280 nm. The obtained 
diffraction patterns were indexed against pure Au and Au-V (85%-15%) structures, and 
were found to match with the pure Au phase only. Various different regions were also 
scanned to ensure homogeneity throughout the sample. The SEM image in 
Supplementary Figure 1 was taken in the same instrument, using a secondary electron 
detector. 
Terahertz-time domain spectroscopy (THz-TDS). THz-TDS mapping of the sheet 
conductivity of VN on quartz was acquired using a Picometrix T-ray 4000 fibre-coupled 
spectrometer. The sample was raster-scanned to form a spatial map with 200 μm step size 
and a resolution of ≈ 350 μm at 1 THz. The frequency-dependent sheet conductivity was 
determined as described in detail in previous reports1,2. 
Ellipsometry. Ellipsometry measurements were performed in reflection mode with a 
rotating compensator spectroscopic ellipsometer (M-2000, J.A. Woollam Co.). The 
measurement of the ellipsometric quantities ψ and Δ in the spectral range 0.7-5.9 eV was 
repeated at seven angles of incidence (45-75°) at each measurement spot using a 
collimated beam with a spot size of approximately 200 x 300 µm. Four spots were 
measured on the transferred VN film on quartz. The multi-angle ψ and Δ spectra for each 
spot were fitted simultaneously to an optical model, with thickness and optical functions of 
VN being the unknown parameters. The optical functions of the quartz substrate were 
determined in a separate ellipsometry measurement. A multi-sample analysis routine was 
employed to accurately determine both the thickness and the optical functions of VN 
avoiding the risk of cross-correlation between fitted parameters. In one of the four spots, 
the thickness was fixed to the value of 5.5 nm as determined by both AFM and cross-
sectional TEM. The thicknesses of the three remaining spots were fitted independently. 
The optical functions of VN were parameterised as explained in the caption of 
Supplementary Figure 24, but were not allowed to vary from spot to spot. 
Transmission electron microscopy. TEM characterisation of W, Mo chalcogenides and 
CoS2 was done in an FEI Tecnai T20 G2 operated at 200 kV. Bright field HRTEM images 
of transferred VN films were taken in an FEI Titan 80-300 environmental TEM with post-
specimen spherical aberration correction, operated at 80 kV. Scanning transmission 
electron microscopy (STEM) images were acquired in an FEI Titan 80-300 with probe 
corrector at 300kV. A standard dark-field detector on the Gatan GIF entrance aperture with 
a short camera length of indicated 38 mm and a half-convergence angle of about 17.6 
degree were used. Cross-sectional lamella of as-grown VN on gold was made by focussed 
ion beam milling in an FEI Helios EBS3 microscope. The lamella thickness prior to STEM 
imaging was 100-150 nm, as measured by EELS.  
 
 
 
 
 
 
Supplementary Figure 1. EBSD of post-process Au alloys on c-plane sapphire. 
EBSD map of a ~100 µm2 area overlaid onto an SEM image of the alloy surface. The 
EBSD clearly shows that the surface has the Au {111} orientation. 
 
 Supplementary Figure 2. Characterisation of tungsten disulphide (WS2). (a) Optical 
image of WS2 domains on gold, showing evidence of epitaxial alignment with the 
underlying substrate. (b) Atomic force microscopy (AFM) image of a WS2 domain 
transferred onto 90 nm SiO2 on Si substrate; the measured thickness of the domain is ~ 3 
nm, which is within the thickness of a monolayer when taking into account polymer 
residues, surface oxidation, and tip and substrate interactions3,4. (c) Selected area 
diffraction (SAED) pattern and (d) bright field TEM of a WS2 domain transferred onto TEM 
grids. (e) Photoluminescence spectrum of WS2 domains transferred onto 90 nm SiO2/Si 
substrates, showing a strong peak at 680 nm. The peak is redshifted from reported values 
for monolayer WS2
5, which we suspect is due to screening and doping effects from 
transfer residues.  (f-g) High resolution XPS spectra of (f) W 4f and (g) S 2p regions of as-
grown WS2 on the gold surface, where the peaks at 32.8 eV (W 4f7/2), 34.9 eV (W 4f5/2), 
162.3 eV (S 2p3/2) and 163.5 eV (S 2p1/2) correspond to WS2 (NIST XPS database). (h) 
Raman spectra of WS2 domains on gold, indicating monolayer thickness
6.  
 
  
 
 Supplementary Figure 3. Characterisation of tungsten diselenide (WSe2). (a) SEM 
image of WSe2 domains on gold. Red circles in (a) indicate areas where the gold film has 
dewetted the underlying tungsten layer due to its thickness (initial thickness of the gold film 
here was 300 nm). (b) AFM image of a WSe2 domain transferred onto 90 nm SiO2/Si 
substrate; the measured thickness of the domain is ~ 1 nm, not accounting for transfer 
residues and chemical contrast between tip and substrate. (c) SAED pattern and (d) bright 
field TEM of WSe2 transferred onto TEM grids. (e) Photoluminescence spectrum of WSe2 
domains transferred onto 90 nm SiO2/Si substrates, which shows a strong peak at 1.57 
eV.  (f-g) High resolution XPS spectra of (f) W 4f and (g) Se 3d regions of as-grown WSe2 
on the gold surface. Peaks at 32.5 eV and 34.6 eV in (f) correspond to WSe2, while the 
peaks at 31.5 eV and 33.6 eV correspond to the exposed W metal in the dewetted areas in 
(a) (NIST XPS Database). Peaks in (g) at 54.7 eV and 55.6 eV correspond to Se 3d peaks 
of WSe2, while we attribute the peak at 60.2 eV to oxidised/edge selenides
7,8. (h) Raman 
spectra of WSe2 domains on gold, which indicates that they are monolayers
9. 
 Supplementary Figure 4. Characterisation of tungsten ditelluride (WTe2). (a) High 
magnification of isolated WTe2 domains and (b) low magnification SEM images of merged 
WTe2 domains on gold. Dark coloured regions in (b) are partially grown WTe2 films. (c) 
Raman spectra of WTe2 on gold, which indicates that the film is a monolayer
10, (d-f) High 
resolution XPS spectra of (d) W 4f, (e) W 4d and (f) Te 3d regions of as-grown WTe2 on 
gold. W 4f peaks in (d) at 32.9 eV and 34.85 eV correspond to WTe2, whereas the peaks 
at 31.5 eV and 33.7 eV correspond to W metal from dewetted areas, similar to the case of 
WSe2 (the initial gold film thickness was 300 nm in this case as well). W 4d peaks in (e) at 
244.2 eV and 256.5 eV correspond to reported values for WTe2
11. Te 3d peaks in (f) are at 
572.7 eV and 583 eV, corresponding to WTe2
11
. WTe2 films did not appear to survive 
transfer onto 90 nm SiO2 on Si substrates.   
 
  
Supplementary Figure 5. Characterisation of molybdenum diselenide (MoSe2). (a) 
SEM image of MoSe2 domains on gold, showing evidence of epitaxial alignment with the 
underlying gold. (b) AFM on MoSe2 domains transferred onto 90 nm SiO2/Si substrate; the 
measured thickness of the domain is ~ 2 nm, not accounting for transfer residues and 
chemical contrast between tip and substrate. (c) SAED pattern and (d) high resolution 
TEM image of MoSe2 domains transferred onto TEM grids. Visible defects are caused by 
knock-on damage during imaging at 200 kV. (e) Photoluminescence spectrum of MoSe2 
domains transferred onto 90 nm SiO2/Si substrates, showing A and B exciton peaks at 
1.57 eV and 1.75 eV, respectively12. (f-g) High resolution XPS spectra of the (f) Mo 3d and 
(g) S 2p regions of MoSe2 on gold. Mo 3d peaks in (f) at 228.9 eV and 232.1 eV and Se 3d 
peaks in (g) at 54.6 eV and 55.5 eV correspond to MoSe2
13. (h) Raman spectra of MoSe2 
transferred onto 90 nm SiO2/Si substrate; the pronounced E1g, E2g, and A2g peaks are 
attributed to the excitation wavelength used in this work14. 
 
 Supplementary Figure 6. Characterisation of molybdenum ditelluride (MoTe2). (a) 
SEM image of a MoTe2 domain on gold. (b-c) High resolution XPS spectra of the (b) Mo 
3d and (c) Te 3d regions of MoTe2 on gold. Mo 3d peaks in (b) at 229.2 eV and 232.3 eV 
and Te 3d peaks in (c) at 572.6 eV and 582.9 eV correspond to MoTe2
15. We were unable 
to detect a sufficiently strong Raman signal from the domains on gold with our 
experimental setup, and the domains did not appear to survive transfer onto SiO2 
substrates. 
 
 
 
 
 
  
Supplementary Figure 7. Characterisation of niobium disulphide (NbS2). (a) SEM 
image of an NbS2 domain on gold. (b) Raman spectrum of an NbS2 film on gold, where the 
E2g and A1g correspond to reported values for NbS2
16. High resolution XPS spectra of the 
(c) Nb 3d and (d) S 2p regions of NbS2 on gold. Nb 3d peaks in (c) are at 203.7 eV and 
206.5 eV and S 2p peaks in (d) are at 161.1 eV, 162.2 eV and 163.2 eV.  
 
 
 
 
 
  
Supplementary Figure 8. Characterisation of hafnium disulphide (HfS2). (a) High 
magnification and of an isolated HfS2 domain on gold. (b) Raman spectrum of an HfS2 film 
on gold, which shows a pronounced peak at ~335 cm-1 corresponding to reported values 
for HfS2
17. (c-d) High resolution XPS spectra of the (c) Hf 4f and (d) S 2p regions of HfS2 
on gold; Hf 4f peaks are at 16.9 eV and 18.6 eV and S 2p peaks are at 161.7 eV and 
162.9 eV. The Hf:S ratio here is 1:2. 
 
 
 
 
 
 Supplementary Figure 9. Characterisation of vanadium disulphide (VS2). (a) SEM 
images of VS2 domains on gold, showing evidence of epitaxial alignment with the 
underlying Au (111) substrate. (b) Raman spectrum of VS2 film on gold, where the peaks 
correspond to reported values for VS2 nanosheets
18. (c-d) XPS spectra of the gold surface 
post-growth: (c) V 2p and (d) S 2p scan. The V 2p spectrum shows peaks at 516.4 eV and 
523.3 eV, which correspond to the V4+ oxidation state in VS2
19. The peaks at 517.1 eV and 
524.7 eV can be attributed to vanadium oxides7. The S 2p peaks at 161.5 eV and 162.6 
eV are attributed to VS2. VS2 is air-sensitive and degrades upon exposure to ambient, as 
evidenced by the prominent sulphate peak in (d).  
 
 
  
Supplementary Figure 10. Characterisation of chromium disulphide (CrS2). (a) SEM 
image of a CrS2 domain on gold. (b) Raman spectrum of a CrS2 domain on gold. (c-e) 
XPS spectra of the gold surface post-growth: (c) Cr 2p, (d) S 2p, and (e) survey scan. 
 Supplementary Figure 11. Characterisation of chromium diselenide (CrSe2). (a) High 
magnification and (b) low magnification SEM images of CrSe2 on gold. (c-e) XPS spectra 
of the gold surface post-growth: (c) Cr 2p, (d) Se 3d, and (e) survey scan. 
 
 
 
 
 
 Supplementary Figure 12. Characterisation of chromium ditelluride (CrTe2). (a) High 
magnification and (b) low magnification SEM images of CrTe2 on gold. (c-d) XPS spectra 
of the gold surface post-growth: (c) Te 3d,Cr 2p and (e) survey scan. 
 
 
 
 
 
 Supplementary Figure 13. Characterisation of iron sulphide (FeS). (a) High 
magnification and (b) low magnification SEM images of FeS on gold. (c) Raman spectrum 
of FeS domains on gold. (d-f) XPS spectra of the gold surface post-growth: (d) Fe 2p, (e) 
S 2p, and (f) survey scan.  
Iron sulphides show various growth modes on gold as seen in (b), with some regions on 
the surface appearing to favour the growth of monolayers, while others favouring the 
growth of multilayers and 3D crystals. The Fe(II)-S peaks at 707.3 eV and 720.8 eV in the 
Fe 2p XPS spectrum (d) correspond to reported values for mackinawite20,21, the layered 
phase of iron sulphide. We attribute the additional peaks at 708.4 eV, 710.1 eV, 711.7 eV, 
722.4 eV, 724.1 eV, and 727.2 eV to spin multiplets of Fe3+ oxidation states at the edges 
and defects in the sulphide domains21. The peaks at 713.9 eV, 730.5 eV and 716.9 eV, 
733.9 eV are attributed to satellite peaks of the Fe2+ and Fe3+ oxidation states, 
respectively. The S 2p region shows 3 peaks at 161.6 eV, 162.9 eV and 164.2 eV, which 
are attributed to the S 2p3/2, S 2p1/2 and edge states of the FeS domains 
20,22, respectively. 
A small amount of oxygen can be seen in the survey spectrum; as such, it is plausible that 
oxide peaks may be convoluted with the satellite peaks in (d). The Raman spectrum (c) 
shows a peak at 363 cm-1 which is associated with the greigite phase of iron sulphide23 – it 
is known that the mackinawite phase oxidizes to the greigite phase upon exposure to 
ambient air20,24. 
 Supplementary Figure 14. Characterisation of iron selenide (FeSe). (a) High 
magnification and (b) low magnification SEM images of FeSe on gold. (c-e) XPS spectra 
of the gold surface post-growth: (c) Fe 2p, (d) Se 3d, and (e) survey scan. 
 
Deconvolution of the Fe 2p XPS spectra for FeSe was done using the FeS spectrum as a 
guide. Since a considerable amount of oxygen is present from the survey spectrum, we 
have only identified the peaks from the Fe oxidation states, as the iron oxide peaks are 
convoluted with the selenide peaks. The Fe(II) peaks at 708.8 eV and 722.1 eV 
correspond to the Fe2+ oxidation state. Additional peaks at 710.4 eV, 712.4 eV, 723.9 eV 
and 726.5 eV are attributed to Fe3+ oxidation states. Satellite peaks at 715.4 eV, 729.9 eV 
and 718.5 eV, 733.8 eV are attributed to the Fe2+ and Fe3+ states, respectively. Further 
oxide/multiplet peaks may be convoluted with the satellite and Fe3+ multiplet peaks. The 
peaks at 54.5 eV and 55.6 eV in the Se 3d region correspond to FeSe25,26.    
 
  
Supplementary Figure 15. Characterisation of iron telluride (FeTe). (a) High 
magnification and (b) low magnification SEM images of FeTe on gold. (c-e) XPS spectra 
of the gold surface post-growth: (c) Fe 2p, (d) Te 3d, and (e) survey scan. 
 
Deconvolution of the Fe 2p region for FeTe was done using FeS and FeSe XPS spectra 
as guides. As with the case of FeSe, oxygen is present on the surface, and as such only 
the oxidation states are identified in the Fe 2p region. The peaks at 708.3 eV and 721.4 eV 
are assigned to the Fe2+ oxidation state. Further peaks in (c) at 709.1 eV, 710.5 eV, 712.4 
eV, 723.4 eV, 726.1 eV and 729.1 eV are attributed to multiplets of the Fe3+ oxidation 
state. The peaks at 715.2 eV, 731.9 eV and 718.3 eV, 734.9 eV are assigned to the Fe2+ 
and Fe3+ satellite peaks, respectively. Te 3d peaks at 572.5 eV and 582.9 eV in (d) 
correspond to FeTe 7,26. FeTe also shows evidence of epitaxy with the underlying gold 
substrate, as seen in the SEM images (a-b). 
 
 
 
  
Supplementary Figure 16. Characterisation of cobalt disulphide (CoS2). (a) Low 
magnification SEM image of CoS2 on gold, and (b) a high magnification SEM image of one 
of the edges of the 3D crystals in (a), showing a resemblance to layered crystals. (c) high 
resolution TEM image and (d) SAED pattern of one of the edges of the 3D crystals in (a). 
Monolayered regions in (a) were too unstable under e-beam irradiation for TEM imaging at 
200 kV. (e) AFM of transferred domains in (a) onto 90 nm SiO2/Si substrate, where the 
measured thickness of the monolayered regions is ~1 nm, not accounting for chemical 
contrast between tip and surface. (f-g) XPS spectra of the gold surface post-growth: (f) Co 
2p and (g) S 2p regions. 
 
The growth behaviour of sulphides of the ferrous metals Co and Fe bear similarities. We 
observe monolayer films of CoS2 (light gray films in (a)) as well as 3D crystals (black 
hexagon in (a)) similar to those seen for FeS but not seen for any of the other metals 
tested in this work. The 3D crystals here appear to resemble layered crystals from the 
SEM (b), but appear to have a cubic crystal structure as seen from the BF-TEM and SAED 
patterns in (c-d). The XPS Co 2p peaks at 778.7 eV and 793.7 eV, and the S 2p peaks at 
161.5 eV and 162.6 eV correspond to literature values for CoS2
27,28, whereas as the Co:S 
ratio is 1:2. We attribute the peak at 163.9 eV in the S 2p spectrum to sulphide edges22. 
No Raman signal was measureable on as-grown or transferred films with our setup. 
 
 
  
Supplementary Figure 17. Characterisation of cobalt diselenide (CoSe2). (a) High 
magnification and (b) low magnification SEM images of CoSe2 on gold. (c-e) XPS spectra 
of the gold surface post-growth: (c) Co 2p, (d) Se 3d, and (e) survey scan. 
 
A number of structures are observed in the SEM images (a-b), which we believe are a 
combination of CoSe2 and cobalt oxides. XPS scan of the Co 2p region confirms the 
presence of CoSe2: Co 2p peaks at 779.7 eV and 795.8 eV correspond to reported values 
for CoSe2
29,30. Co 2p peaks at 781.8 eV and 797.5 eV are attributed to cobalt oxides, while 
the peaks 786.1 eV and 802.4 eV are satellite peaks of the Co2+ oxidation state29,30. Se 3d 
peaks at 53.6 eV and 54.5 eV correspond to CoSe2
29–31.  
 
 Supplementary Figure 18. Characterisation of cobalt ditelluride (CoTe2). (a) High 
magnification and (b) low magnification SEM images of CoTe2 on gold. (c-e) XPS spectra 
of the gold surface post-growth: (c) Co 2p, (d) Te 3d, and (e) survey scan. 
 
A variety of structures are observed in the SEM images (a-b), which bear resemblance to 
those seen in the case of CoSe2. Deconvolution of the Co 2p spectrum (c) was done using 
the CoSe2 case as a guide: Co 2p peaks at 779.9 eV and 795.9 eV correspond to CoTe2, 
while the peaks at 781.9 eV and 797.6 eV are attributed to cobalt oxides; Peaks at 786.6 
eV and 802.9 eV are Co2+ satellite peaks. Telluride peaks in the Te 3d region are seen at 
572.7 eV and 583.0 eV, while the peaks at 576.2 eV and 586.6 eV correspond to oxidised 
tellurides7. CoTe2 appears to be more air-sensitive than CoSe2, as seen from the oxidised 
telluride peaks and the prominent cobalt oxide peaks, and from higher oxygen content in 
the survey spectrum. The triangular structures in (a) correspondingly show visible signs of 
oxidation/degradation. 
 
 
 Supplementary Figure 19. Characterisation of palladium disulphide (PdS2). (a) SEM 
image of PdS2 domains on gold. (b-c) XPS spectra of the gold surface post-growth: (b) Pd 
3d and (c) S 2p regions. Peaks at 335.2 eV and 340.5 eV in (b) correspond to elemental 
Pd, while the peaks at 336.7 eV and 342.0 eV correspond to PdS2. The S 2p peaks at 
161.9 eV and 163.0 eV in (c) are attributed to PdS2
7, while the peak at 163.9 eV is 
attributed to edge sulphides22. 
 
 
 
 
. 
 
 
 
 
 
 
 
 
 Supplementary Figure 20. Characterisation of ultrathin tantalum nitride films (TaN). 
(a) Optical image of transferred TaN on 90 nm SiO2/Si substrate. (b) AFM line profile of 
transferred TaN films; the film thickness is ~6.5 nm. (c-e) XPS spectra of the gold surface 
post-growth: (c) survey spectrum, (d) Ta 4f, and (e) N 1s scan. Ta 4f7/2 and Ta 4f5/2 peaks 
at ~24.0 eV and ~26.0 eV in (d) and the Ta 4p3/2 and N 1s peaks in (e) correspond to 
reported values for hexagonal TaN32; the Ta:N ratio here is ~1.1:1. The films show a 
noticeable amount of oxidation, as seen by the Ta2O5 peaks in (d) and the large oxygen 
peak in the survey spectrum. The fluorine and carbon signals in the survey spectrum are 
from backstreamed carbon contaminants33.     
 
 Supplementary Figure 21. Characterisation of ultrathin vanadium nitride films (VN). 
(a) Photograph of ultrathin vanadium nitride film transferred to 90 nm SiO2 on Si substrate 
(scale in cm). (b) Optical microscope image of film in (a). (c) High resolution bright field 
TEM micrograph of suspended vanadium nitride film. (d) Atomic force microscopy line 
scan of edge of transferred vanadium nitride film; the measured AFM thickness is ~ 5.5 
nm. (e) SAED pattern of suspended vanadium nitride film. (f-g) XPS spectra of as-grown 
vanadium nitride on gold. Partial oxidation is visible in the spectrum in (f). 
 
 
 
 Supplementary Figure 22. Ellipsometry, optical and THz-TDS characterisation of 
ultrathin vanadium nitride films on quartz. (a-b) Optical functions of 5.5 nm VN 
(labelled 2D) extracted by least squares fitting of ellipsometry spectra using a 
parameterised optical function model. The model consists of one Drude oscillator (three 
fitting parameters) to model free carrier absorption in the infrared, and one Lorentz 
oscillator (three fitting parameters) to model the response in the visible and near 
ultraviolet. Optical functions obtained from literature34 for the bulk VN films are also shown 
(labelled 3D). (c) Optical/THz-TDS sheet conductivity map (mirrored) of transferred VN 
films on quartz. The sheet conductivity map shows the average sheet conductivity in the 
range from 0.8-0.9 THz. 
 
 
 
 
 
 Supplementary Figure 23. STEM characterisation of as-grown VN films on gold. The 
images show the dark-field STEM image of the FIB cross-section sample. The bottom high 
contrast film is Au, as confirmed by indexing the FFT as shown on the right (the FFT was 
taken from a separate area). Two layers can be identified on top of Au, marked by 1 and 2. 
FFT of layer 1 matches with the Fm-3m structure of cubic VN in the {011} orientation. 
Layer 2 shows a darker contrast. The FFT could not be matched with known vanadium 
nitride, vanadium oxide, or Au-V alloy structures, but the structure is clearly different from 
the VN layer in 1. The FFT of layer 2 was indexed against the following compounds (ICSD 
code): 644862, 64701, 8236, 60486, 34033, 66665, 94768, 612459, 58547, 58611, 61246.  
 
Supplementary Figure 21a-b show a centimetre-scale continuous layer of ultrathin 
vanadium nitride (VN) transferred onto a 90 nm SiO2 on Si substrate. The size of the film 
here was limited only by the dimensions of the growth substrate. The thickness of the film 
is ~5.6 nm, as measured by AFM (Supplementary Fig. 21d), and is uniform across the 
sample, as confirmed by optical microscopy and ellipsometry (Supplementary Fig. 21b, 
Supplementary Fig. 22a-b). HRTEM and SAED of the VN films (Supplementary Fig. 21c, 
e) establishes an FCC lattice structure with the {111} facet perpendicular to the growth 
substrate. Notably, the lattice spacing here, 1.52 Å, is ~4% larger than that of bulk cubic 
VN, 1.46 Å (ICDD database). XPS characterisation of as-grown VN films on gold 
(Supplementary Fig. 21f, g) shows the expected nitride bonding between vanadium and 
nitrogen35, with a V:N ratio of ~1:1. Some degree of oxidation was always present in the 
films even when grown under highly reducing conditions, likely due to exposure of the films 
to ambient conditions. The sheet resistance of transferred VN layers as determined by van 
der Pauw measurements is ≈ 2 kΩ/□ immediately after transfer, increasing to ≈ 50 kΩ/□ 
after 100 days of exposure to ambient conditions, which supports the idea that VN layers 
are air- or humidity-sensitive. Terahertz time domain spectroscopy results performed 15 
days after transfer show an average sheet resistivity of 2 kΩ/□ across the transferred VN 
film (Supplementary Fig. 22c). 
We also performed cross-sectional TEM measurements of as-grown VN films on gold 
(Supplementary Fig. 23). In these measurements, we observe the previously described 
ultrathin cubic VN phase, and an unexpected second phase beneath which does not 
appear to survive the transfer process. The crystal structure differs notably from the 
transferrable layer above, but we were unable to unequivocally determine the structure by 
convergent beam electron diffraction, scanning TEM or high resolution TEM. 
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